and accelerated creep. Chen and Li (1980) and net normal stress. The phenomenon, i.e., a greater dilation angle at higher suctions with 104 lower net normal stresses and lower or zero dilation angles under higher net normal stresses with 105 lower suctions, was observed. 106 107
As far as the creep and strength models for interlayer material are concerned, Ge (1979) review on the existing models for infilled materials and modified the normalised peak shear 115 stress model based on the shear tests on the idealised saw-tooth joints. 116 117
To study the shear strength behaviour of the interlayer material at Baihetan site, both in-situ 118 shear and laboratory shear tests have been carried out. This paper aims at making a comparison 119 of the results from the tests under two different conditions. This comparison is expected to be 120 helpful for better understanding the shear behaviour of the interlayer material and adopting 121 reasonable strength parameters in constitutive models. 122 123
Materials and Methods 124
In-situ shear testing 125
In-situ direct shear tests on interlayer material were carried out at the testing tunnel bottom part 126 where interlayer staggered zone is found based on the Chinese Standard SL264-2001. According 127 to this standard, in-situ sample size should be larger than 500 mm × 500 mm × h mm (h ≥ 350 128 mm). For the test by multi-sample method (MSM), 5 in-situ rock blocks in size of about 500 mm 129 × 500 mm × 350 mm were carefully trimmed to prepare samples in the testing tunnel. Fig.5  130 depicts the sketch of sample for the in-situ test. For each sample, the lower part corresponds to 131 the underlying rock, and was below the ground surface; the interlayer material is at the level of 132 the ground surface and under the upper rock block. Weak or fractured rock blocks were 133 encapsulated using concrete mould and maintained under field condition for more than 14 days 134 until the strength of concrete mould achieved the testing requirement. Fig.6 shows the schematic 135 layout of the in-situ direct shear test. Before testing, normal loading system and shear loading 136 system were carefully installed in turn to ensure the resultant force to be at the centre of the 137 hal-00700272, version 1 -22 May 2012 interlayer material. In order to guarantee the space for normal deformation, a 10-mm gap 138 between the prefixed plane and the bottom of backing plate was initially kept. When testing, a 139 prescribed normal stress σ n was first applied and the vertical displacement was monitored using 140 displacement gauges. In order to avoid the extrusion of interlayer material especially at high 141 initial degree of saturation, as discussed by Sun and Zhao (1980) , a normal stress lower than 1.5 142
MPa was applied in 4 steps of 5-min duration. Equilibrium was considered as reached when the 143 displacement rate is lower than 0.03 mm/10 min. Shear stress τ was then applied under constant 144 normal stress until the sample reached failure or the shear displacement (u s ) was larger than 15 145 mm along the prefixed plane. A total of 8 -12 shear loading steps of 10 min each were 146 considered. This procedure was repeated when testing other samples at different values of σ n . 147
The results allowed the determination of the strength parameters. As shown in Table 2 , the 148 degrees of saturation of the samples were high, from 73.0% to 99.5%. 149 150
Laboratory shear testing 151
Two laboratory shear tests were performed, including the direct shear test using the shear system 152 RMT150C ( Fig.7 ) and the shear creep tests using the system JQ-200 (Fig.8) . When conducting 153 direct shear test on RMT150C, normal stress was applied through an adjustable vertical piston 154
and shear was applied through a horizontal loading system that drives two horizontal dowels 155 pushing the upper shear box. The dimensions of the samples for these tests were 150 mm × 150 156 mm × 150 mm, with the interlayer material in the middle and the concrete blocks at both the top 157 and bottom (see in Fig.7 and Fig.8 ). In the sample, the block interlayer was taken from a block 158 with a dimension of 180 mm × 180 mm × h mm (h was the thickness of interlayer material). 159
Note that the interlayer blocks were dug from testing tunnel No.41 (near the left bank 160 powerhouse region whose depth is 350 m) and testing tunnel No.62 (in the right bank 161 powerhouse region whose depth is 550 m). Before preparing laboratory shear test samples, the 162 block interlayer material was first cut carefully into a sub-block of 150 mm × 150 mm × t mm (t 163 was the thickness of interlayer material, t ≤ h). After that, the sample was prepared using a metal 164 mould without upper and lower covers, as follows: pouring the concrete with the quantity needed 165 to reach the lower concrete height calculated previously according to the thickness of interlayer 166 material; putting the sub-block on the lower concrete; pouring the upper concrete with the 167 quantity needed to reach the upper concrete height calculated previously; disassembling the 168 metal mould and conserving the sample in a vertical position under indoor condition. Note that 169 the thickness t was in general more than 30 mm, enough to ensure the shear failure to occur in it. 170
In order to analyze the effect of initial degree of saturation, laboratory direct shear tests were 171 conducted at much lower degree of saturation (see Table 3 and the procedure is similar to the in-situ direct tests described above. For direct shear test by SSM, 178 normal stress and shear stress were step loaded alternatively. In the first step loading, normal 179 stress was applied in 4 steps of 5-min duration each. When peak point or constant τ was observed 180
on τ-u s curve during a step loading, the next step σ n and τ are applied. By varying σ n and τ more 181 than 4 times before the sample failure, the τ-σ n plot can be drawn and then shear strength 182 parameters can be determined. The cohesion c and friction angle ϕ were determined based on the obtained τ-u s curves, and are 220 presented in Table 2 . The results show a quite large scatter: the values of c range from 0.02 to 221 0.42 MPa and the values of ϕ ranges from 14° to 38°. This large scatter can be attributed to the 222 effects of degree of saturation (ranging from 73.0% to 99.5%) and the clay fraction (ranging 223 from 0 to 13.0%); it can be also attributed to the heterogeneity of the samples as observed above. 224 225
Laboratory tests 226 procedure was applied in these tests; this explains the observed shapes of the curves. The τ-u s 230 curves show identical behaviour when the shear stress is lower than 1.5 MPa, indicating, to a 231 certain extent, a similar elastic behaviour. Beyond 1.5 MPa shear stress, the shear stress is higher 232 with a higher normal stress. The u n -u s curves (u n is the vertical displacement) do not show any 233 shear dilatancy: the volume change is compressive for all the tests conducted. Similar behaviour 234 is observed for u n < 0.5 mm. Interestingly, this range corresponds to the range of τ < 1.5 MPa 235 identified above on the τ-u s curves. Examination of the u n -u s curves corresponding to 2.0 and 3.0 236
MPa normal stress shows that the material is more compressive under higher normal stress; this 237 is normal behaviour generally observed on other soils. A problem can be identified on the curves 238 of 4.0 MPa and 5.0 MPa normal stress: the curve of σ n = 4.0 MPa shows much larger 239 compression than that of σ n = 5.0 MPa. This can be attributed to the heterogeneity of the soil 240 samples. Based on the τ-u s curves obtained, the values of σ n and τ p at failure are determined and 241 presented in Table 3 . Fig.12 depicts the values of σ n and τ p at failure from all the tests by MSM. 242
It can be observed that it is difficult to obtain reasonable shear strength parameters due to the 243 significant scatter of data. 244 Fig. 13 shows a typical result from the shear test by SSM on the interlayer material taken from 245 testing tunnel No. 62 at an initial degree of saturation of 33.1%. A total of 7 loading steps were 246 applied. It can be observed from the τ-u s curve that stabilisation was reached for each loading 247 step. Examination of the u s -u n curve shows that for most loading step the vertical displacement 248
shows a quasi-immediate drop followed by a variation with a smaller slope. The shear strength 249 parameters determined from the test results are presented in Table 4 . 250 251 three different loading methods for vertical stress, using: (1) a flexible airbag, (2) a fixed vertical 265 piston, and (3) an adjustable vertical piston. They found that 1) the non uniform vertical stress 266 distribution occurs when the soil shows shear dilatancy, almost uniform vertical stress being 267 observed in all cases. and (2) the best method for keeping uniform vertical stress is the flexible 268 airbag method. In this study, the method of adjustable piston method was employed, and in 269 addition no dilatancy was observed during shearing (see Fig.11 and Fig.13 (1) 288
The calculated values are presented in Soil heterogeneity is a common problem when dealing with intact natural materials. For the in-295 situ tests, the heterogeneity caused significant data scatter and rendered the determination of 296 strength parameters difficult (zone 1, see Fig. 9a ). Some samples from the same zone showed 297 different specific phenomenon as the suspected pores collapse or grains crushing (zone 3, see Because both in-situ tests and laboratory tests involve the problem of sample disturbance, the 309 samples do not reflect the real soil behaviour totally. Moreover, it is believed that this sample 310 disturbance is more significant for the laboratory testing samples because (1)) the soil blocks are 311 taken by removing the material in all directions, one direction more that the sample for in-situ 312 testing; (2) there were transportation and conservation for the laboratory samples; (3) extra 313 trimming was applied when preparing the laboratory samples. In spite of the unavoidable sample 314 disturbance, as significant variability was observed when testing the interlayer material under 315 both field and laboratory conditions, it seems that the problem related to the sample disturbance 316
is not an important factor compared to the samples variability due to the material heterogeneity. 317 318
Effects of sample size 319
The shear plane for the laboratory samples is 150 × 150 mm while the rock particles can reach a 320 diameter of 100 mm (see Fig 4) . The dimension and the proportion of these large rock particles 321 shear strength is dominated by the particle-to-particle contacts. According to the China National 329
Standards GB/T 50145-2007, the particle diameter of 0.075 mm is the border between fine-330 grained particles and coarse particles. Following this definition, one can identify the coarse rock 331 particles of the interlayer material based on the grain size distribution curves shown in Fig.4 : 332 71% for zone 1; 77% for zone 2; 82% for zone 3; 59% for zone 4; 87% for zone 5. Thus, all 333 values are beyond the critical fraction. As a result, the behaviour must be dominated by coarse 334 particles. Note however that as a natural soil, the interlayer material is significantly different 335 from the artificially prepared soil-rock mixtures in which rock particles are uniformly distributed 336 in soil matrix. With a randomly distributed rock particles in the sample, the effect of sample size 337 must be greater: the determined strength parameters, especially the friction angle are in general 338 larger in the case of small samples. It is indeed the case when comparing the friction angle 339 obtained in the laboratory by MSM and SSM with that obtained in the filed (see Table 3 and  340  Table 4 ). 341 342
As the difference between the values of friction angle by MSM and SSM is concerned, as 343 described above, a relatively large value of cohesion (0.2 MPa) was taken when estimated the 344 friction angle based on the data from the laboratory direct shear tests by MSM. Note that this is 345 justified by the fact that most values of cohesion from both laboratory direct shear tests by SSM 346 and in-situ shear tests are smaller than 0.15 MPa (see Table 2 and Table 4 ). In spite of this, the 347 values obtained are in general greater than that from the laboratory direct shear tests by SSM (see 348 For the studied interlayer material, as shown in Table 1 , the clay fraction is small and the density 383 is quite high. Thus logically no friction angle decrease and a slight cohesion increase should be 384 observed with suction increase or degree of saturation decrease. Fig.16a and Fig.16b In order to analyse the stability of the underground powerhouse at the future Baihetan 395 hydropower station in China, the shear strength of the involved interlayer material has been 396 investigated by carrying out both in-situ and laboratory shear tests. A comparative study was 397 done in order to assess the effects of different factors as the heterogeneity, the samples 398 disturbance, the samples size, the clay fraction and the initial degree of saturation. The following 399 conclusions can be drawn: 400 1) the significant heterogeneity of the samples caused significant data scatter and rendered 401 the determination of strength parameters difficult; it seems that the samples disturbance is 402 not an important factor compared to the samples variability; 403
2) the samples are characterised by a randomly distributed coarse rock particles; this 404 explains the greater friction angle obtained in the laboratory than that obtained in the field; 405
3) the friction angle is an important factor affecting the shear strength: the friction angle 406 seems to decrease and the cohesion tends to increase with the increase of clay fraction; 407 4) without considering some particular data, a Tables   Table 1 Physical properties of interlayer material (ECIDI 2006)  Table. 2 Initial parameters of the samples and strength parameters for the in-situ tests Table. 3 Initial parameters of the samples and strength parameters for the laboratory tests by MSM Table. 4 Initial parameters of the samples and strength parameters for the laboratory tests by SSM Aphanitic basalt, amygdaloidal basalt, breccia lava; (2) P 2 β 3 1 : Aphanitic basalt, breccia lava with oblique basalt and amygdaloidal basalt with oblique basalt; (3) P 2 β 3 2-1 : Amygdaloidal basalt; (4) P 2 β 3 2-2 : Columnar jointed basalt; (5) P 2 β 3 2-3 : Breccia lava; (6) P 2 β 3 3 : Columnar jointed basalt; (7) P 2 β 3 4 : Amygdaloidal basalt, aphanitic basalt and breccia lava; (8) P 2 β 3 5 : Oblique basalt, breccia lava; (9) P 2 β 4 1 : Columnar jointed basalt, amygdaloidal basalt, breccia lava and microcrystalline basalt; (10)P 2 β 4 2 : Amygdaloidal basalt, breccia lava; (11) P 2 β 5 1 : Aphanitic basalt and amygdaloidal basalt; (12) P 2 β 6 1 : Columnar jointed basalt and breccia lava; (13) P 2 β 6 2 : Aphanitic basalt and breccia lava; 
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